The present location of the tectonic boundary and the convergence rate between the Amur and Okhotsk plates in northern Hokkaido, Japan, were herein estimated from the velocity field using data from a continuous GNSS network. The observed velocity profiles are in agreement with the theoretical ones calculated from a tectonic block collision model. The estimated kinematic boundary agrees with both geological and seismic boundaries. Overall, this indicates that the geological boundary acts like a mechanical one. The calculated convergence velocity of 14.0-16.5 mm/year is consistent with predictions from regional plate motion models and suggests that a considerable amount of interplate convergence is in progress along this boundary. Deep crustal seismicity is also in agreement with the estimated elastic thickness of 20.5-25.5 km. The non-occurrence of large earthquakes during the past several centuries, and the estimated convergence velocity suggest that there is a high potential for a large event in the near future.
Introduction
Crustal activity in northeastern Asia is controlled by the interaction among three major plates (the Eurasian, North American, and Pacific plates), and other small tectonic blocks (the Okhotsk, Amur, and Philippine Sea plates) ( Fig. 1 ) (Wei and Seno 1998; Heki et al. 1999; Jin et al. 2007) . Crustal deformation in Japan occurs at particularly high rates due to the presence of many plate boundaries (Sagiya et al. 2000; Loveless and Meade 2010) .
The kinematic feature of the plates in northeastern Asia (e.g., the location and convergence velocity between the Japanese Islands and the continental plate) remains controversial. By analyzing earthquake hypocenters and mechanisms, Chapman and Solomon (1976) indicated that the boundary between the Eurasian and the North American plates should extend from central Sakhalin to central Hokkaido. The focal succession of destructive large earthquakes along the eastern margin of Japan Sea up to Sakhalin (e.g., the 1983 M w 7.7 and the 1993 M w 7.8 earthquakes) might indicate the existence of a major boundary (e.g., Nakamura 1983) (Fig. 1 ). Several models that describe the plate kinematics in northeastern Asia according to the slip vectors of earthquake focal mechanisms suggest the existence of the Okhotsk and Amur micro-plates (Seno et al. 1996; Wei and Seno 1998) . The motion of the Amur plate has been observed successfully using a geodetic network (Takahashi et al. 1999; Heki et al. 1999) . Recent geodetic data, however, indicate a complex crustal deformation field in this region (Shestakov et al. 2011) .
Northern Hokkaido, the northernmost part of Japan, is believed to be at the boundary between the Amur and Okhotsk plates. The high seismicity in the region, characterized by dominant east-west reverse fault mechanisms, might reflect plate convergence. Over a century of conventional geodetic measurements also suggest an eastwest compressional strain field (Geospatial Information Authority of Japan 1997). Loveless and Meade (2010) extrapolated a maximum convergence velocity of 13 mm/ year using GNSS velocity data for a given boundary. Vasilenko and Prytkov (2012) estimated a convergence velocity of 10.0-13.1 mm/year along a priori given faults in southern Sakhalin, i.e., the region immediately north of Hokkaido. However, the location of the plate boundary has not been specifically defined through geodetic data yet.
A simultaneous estimation of the location of the plate boundary and of the convergence velocity is desirable, so that a better insight into the plate convergence properties can be obtained. This simultaneous estimation will provide evidence for the investigation of the relationship of such properties with other geophysical and geological data. In this study, we estimate plate convergence parameters between the Amur and Okhotsk plates in northern Hokkaido using a nationwide GNSS network. Bird (2003) . Stars indicate the epicenters of large earthquakes along the eastern margin of the Japan Sea. The moment tensor solutions are from Fukao and Furumoto (1975) for (1) and (3), from Abe (1975) for (2), and from the Global CMT Project (2019) for (4)-(9). A black broken circle indicates the absence of large earthquakes. The study area is indicated by a black solid line
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Data and methods
GNSS velocity data
We applied horizontal velocity data acquired by GNSS to crustal deformation modeling. We used the F3 daily solutions of the GEONET in Japan (nationwide continuous GNSS network), provided by the Geospatial Information Authority of Japan (Nakagawa et al. 2009 No corrections for these factors were, however, applied to velocity data while evaluating collision kinematics involving these conditions. The horizontal velocities of the east-west and northsouth components at each station were estimated by fitting the following formula to the daily coordinate time series using the least square procedure where u(t) is the coordinate of specific component at the time of t (in years), a the coefficient of the linear velocity, b the constant of the function, c 1 , d 1 are the coefficients of the annual variation, and c 2 , d 2 the coefficients of the semi-annual variation, respectively. Vertical velocity was not considered in our study because its accuracy was lower than that of horizontal velocity.
The F3 coordinates used in this study were based on the ITRF2005 reference frame (Altamimi et al. 2011; Nakagawa et al. 2009 ). The estimated velocities were transformed into the Eurasian plate-fixed reference frame using the ITRF2005 plate motion parameters. Figure 2 shows the horizontal velocity field in Hokkaido with respect to the Eurasian plate. All stations were moving in a west-northwestward direction with respect to the Eurasian plate. Although observed velocities include the effect of the interplate coupling of the subducting Pacific plate, the effect is thought to be limited in this study area (Hashimoto et al. 2009 ). Next, the velocity field was converted to the station 0863 fixed reference frame to focus on the deformation features resulting from collision in this region. We used this reference frame velocity data in the subsequent crustal deformation modeling.
Crustal deformation modeling
The crustal deformation field was modeled by using Shimazaki and Zhao's (2000) scheme. Accordingly, the (1)
displacement field of the collision zone was represented as a superposition of rigid plate motion and elastic deformation produced by a vertical, tensile open fault along the collision boundary. The collision boundary was modeled as a line with infinite length and vertical dip with the depth. The theoretical horizontal velocity V x at a distance of x km from the boundary is given by the formula:
where V and H represent the plate convergence velocity and the thickness of the elastic layer, respectively. The boundary condition V x=∞ = 0 is assumed. The free parameters are the velocity V , the elastic thickness H , and the distance x . The last is a function between the longitude and latitude of each GNSS site, and the nodal location and strike of a given boundary. The observed velocities were projected onto the direction perpendicular to the given boundary geometry.
A grid search procedure was applied to determine the best fit parameters. The Chi-squared value χ 2 for the unknown parameters H and V in Eq. (2) was evaluated by the following formula for the given boundary location grids and strikes, where V cal i and V obs i represent the model calculated and the observed velocities at the i th station, respectively, σ i the measurement error, and N is the number of the observation points. Estimation errors were estimated using the procedure indicated in Vasilenko and Prytkov (2012) .
The grid searching ranges were set as follows: the nodes of boundaries were distributed in the longitudinal range of 141°E-143.18°E and latitudinal range of 43.5°N-45.6°N, with a grid interval of 0.01°. Strike, velocity, and thickness intervals were taken as 0.1°, 0.1 mm/ year, and 0.1 km, respectively. We applied this procedure for three areas to confirm the regional differences: the northern area (44.55°N-45.6°N), the southern area (43.5-44.55°N), and the entire area (43.5-45.6°N), as shown in Fig. 2 . Data from GNSS stations at 17 sites, 27 sites, and 44 sites, respectively, were used for the estimations.
Results and discussion
The best fit geometry of the boundaries for the three regions is shown in Fig. 3a and is reported in Table 1 . The estimated boundaries in the three areas indicated approximately north-south strike directions. The comparison between observed and calculated velocities (2) Fig. 3b) suggests that the estimated models in the northern and southern regions are more consistent with the data. This is also in agreement with the estimation of the χ 2 error (see Table 1 ). The error mapping of χ 2 /(N − 4) values shown in Fig. 3c indicates the status of constraint of velocity and elastic thickness parameters in the model. Figure 4 shows the spatial distribution of the hypocenters of earthquakes that occurred between 1997 and 2016 (Japan Meteorological Agency 2019). This suggests that a clear seismically active zone extends along the north-south direction. Although there is a spatial gap due to the simplicity of the dislocation model used in this study (Shimazaki and Zhao 2000) and low density of GNSS stations, our results for the three areas are roughly consistent with the seismological boundary. Tamura et al. (2003) and Takahashi and Kasahara (2005) indicated that the eastern margin of this seismically active zone corresponds to a major geological boundary of the late Cretaceous Hidaka belt and the late Jurassic Sorachi-Yezo belt. A clear gravity anomaly has also been announced along this geologic boundary (Geological Survey of Japan 2015). The geodetic boundary estimated in our study agrees well with independent seismic and geologic boundaries. These facts strongly suggest that the geological boundary might act as a mechanical boundary. In northern Hokkaido, the Sarobetsu fault zone, which has major active faults, is located on the Japan Sea side (Fig. 3a) . This active fault is assumed to be an east-west compressional reverse fault (Headquarters for Earthquake Research Promotion 2019). The long-term earthquake occurrence probability of the M w 7.6 event is 4% over 30 years (Headquarters for Earthquake Research Promotion 2019), which is comparatively high for Japan. The estimated locations for both the northern and the whole area are roughly consistent with another active fault-the Toikanbetsu fault. The existence of a slow slip event around the fault is observed, which might suggest a high stress regime (Ohzono et al. 2015) . Our estimation also suggests successive stress buildup in these active fault zones.
Comparison with seismicity and geological boundary
Thickness of the elastic layer
The estimated elastic thicknesses are 25.5 km in the northern part, 20.5 km in the southern part, and 23.7 km according to the analysis of the whole area, respectively (Table 1) . These values are significantly larger than in other regions of the Japanese Islands, even by accounting for the estimation errors (e.g., Shimazaki and Zhao 2000).
The distribution of the hypocenters in this region indicates deep earthquake foci at 20-30 km depth (Fig. 4) . The estimated thicknesses correspond to the cutoff depth of seismicity. The D90 depth in this region is estimated in about 20-25 km (Omuralieva et al. 2012) . For northern Hokkaido, the recorded heat flow is lower than for other parts of the island (Tanaka 2004) . This agrees with the fact that the depth of earthquakes is relatively deep. Estimated thick elastic layer might reflect above geophysical features. Vasilenko and Prytkov (2012) estimated the elastic thickness in 20-36 km in the southern part of Sakhalin. Despite the lesser convergence level of elastic thickness estimation, as shown in Fig. 3c , our results are roughly consistent with that in southern Sakhalin. This might indicate the possibility that the tectonic conditions in northern Hokkaido and southern Sakhalin are the same.
Convergence velocity
The estimated convergence velocities in this study are 16.5 mm/year in the northern part, 14.0 mm/year in the southern part, and 16.2 mm/year for the whole area. As we mentioned in the "GNSS velocity data" section, observed velocity data probably include the effect of the interplate coupling of the Pacific plate, especially in the southern part, due to closer distance from the Kuril Trench. For example, Hashimoto et al. (2009) , which estimate interplate coupling from GNSS data, show the gradual decay of velocity field affected by the interplate coupling from the Kuril Trench to northern Hokkaido. Assuming this condition has been lasted until the present, the difference of velocity due to the effect of interplate coupling is only a few mm/year in our study area. Our estimated convergence velocity might be overestimated about 7 mm/year at the southern part because it includes the effect of plate interaction. Therefore, it is thought that the velocity field in the northern part, which is distant from the trench, has less effect of interplate coupling and reflects the convergence between the Amur and Okhotsk plate. Heki et al. (1999) predicted a regional convergence velocity of 16 mm/year in northern Hokkaido due to the relative motion between the Amur and Okhotsk plates from a plate kinematic model. Loveless and Meade (2010) estimated a velocity of about 13 mm/ year at most. In south Sakhalin, Vasilenko and Prytkov (2012) indicated a convergence velocity of 10.0-13.1 mm/ year. These values imply that an almost relative plate convergence strain between the Amur and Okhotsk accumulates along the boundary estimated in this study. Taking a hypothetical time period of 300 years of accumulation of deformations along the boundary, with an estimated mean velocity of 15 mm/year, we obtain approximately 4.5 m of relative displacement potential, which corresponds to a potential for an earthquake with M > 7.5 (Murotani et al. 2008 ). However, no large earthquakes have been historically recorded in this region (Tamura et al. 2003) . The estimated velocity and the duration since the previous large earthquake suggest a high probability of a large earthquake in the near future.
Conclusions
We estimated the boundary location, convergence velocity, and elastic thickness between the Eurasia (or Amur) and the North American (or Okhotsk) plates in northern Hokkaido in the northernmost part of Japan. The observed GNSS velocity data can be explained well by the dislocation parameters estimated from grid-search procedures. The estimated boundary indicated a north-south strike with east-west compressional strain and is consistent with the geological and seismic boundaries. This suggests that the geological boundary acts as a kinematic plate boundary between the Amur and the Okhotsk plates. The estimated thickness of the elastic layer is consistent with the recorded deep seismic hypocenters and might reflect the lower heat flow in this region. The estimated convergence rate in the northern part also agrees with the plate convergence rate estimated from regional plate motion models. This implies that most of the strain accumulation due to the relative plate motion occurs along the estimated boundary. The non-occurrence of large earthquakes during the past several centuries and the presence of a slow slip event might suggest the presence of a high stress regime in this region. Our estimation suggests successive stress buildup in these active fault zones and a high potential for a large event in the near future.
